gives the values of ("(' -0) and ("(" -0) obtained. It will be seen that the uniformity is far from perfect, but this is not unreasonable in view of the difficulty of measuring such feeble lines. The successive values of each series do not diminish gradually with increasing K as might be expected and mean values were therefore taken. These are ( "(' -0) = 2.146 cm-l, ("(" -0) = 2.202 cm-I.
I t is not possible to determine 0 from the present data, since the parallel band structure is not well enough discernible. It is reasonable, however, to adopt the value of Bauer and Badger i.e., 0.348 cm-l • We then have "(' = 2.49 em-I, "(" = 2.55 cm-l, and C' (excited state) = 11.15 X 10-4°, C" (ground state) = 10.83 X 10-
4°.
The value of C for the ground state is almost identical with that found by Bauer and Badger.
The value of C in the successive vibrational levels appears to show a progressive and uniform increase; thus in the ground state it is 10.8, in the third excited state it is 11.0 and in the fourth exci ted level 11.1. In view of recent discussion of internal rotation in the formic acid molecule it may be pointed out that there are no apparent anomalies in the present measurements to suggest such a phenomenon in this case. The hybrid nature of the band investigated above suggests that an examination of the band at '11,700A would be interesting. If this band is associated with a C -H vibration, and if the molecule has the structure usually assigned to it, then the change in electric moment should, as in the 0 -H vibration, be almost exactly perpendicular to the least axis of inertia. We should therefore expect a band with essentially perpendicular-type structure, having perhaps some parallel-type structure superposed. It would be interesting to know the relative degree of importance of the parallel-type structure in the 0 -Hand C -H bands since this might, conversely, contribute further to understanding of the molecular structure. Attempts to photograph the C -H band under high dispersion have so far been unsuccessful since with the path length required the light intensity is too low to be practicable for plate sensitivity in this region.
The above was part of a program of work carried out during the tenure of a Leverhulme Research Fellowship, for which I am grateful to the Leverhulme Trustees. I should also like to thank Professor L. Pauling for many kindnesses, and Professor R. M. Badger for allowing me the facilities of his laboratory, and for many helpful discussions. JULY. 1939 JOURNAL OF CHEMICAL PHYSICS VOLUME 7
The Infra-Red Absorption Spectrum of Boron Trifluoride The infra-red absorption spectrum of BFa has been studied under high resolution from 400 em-I to 3000 em-I. The active fundamentals V2, Va and V4 and the overtone 2V3 have been observed. The parallel fundamental V2 has been partially resolved and the value of the moment of inertia A found to be 79X10-40 g cm 2 • The B-F distance is 1.29 X 10-8 em. The isotope effect due to the two isotopes of boron was observed in all bands. The appearance of the unresolved bands v, and 2V3 is shown to be greatly influenced by the interaction between vibration and rotation.
INTRODUCTION

F
OR the past several years the molecular structure of boron trifluoride has been a subject of research by several groups of investigators. The vanishing permanent electric moment! and the evidence from electron diffraction experiments 2 indicate that the equilibrium configuration of the molecule may be described as an equilateral triangle with the fluorine atoms at the corners and the boron atom at the center and in the same plane.
The In 1937 Bailey, Hale and Thompsons reported the infra-red spectrum of the gas from 10,000 to 600 cm-I . They observed thirteen bands in this region, the strongest five being at 1501, 1448, 722, 1370 and 2927 cm-I • They called the first two of these an isotopic pair due to the perpendicular fundamental Va. The band at 722 cm-1 they assigned to the parallel vibration 1'2, but they were not able to resolve it into the expected isotopic doublet.
Since the low frequency fundamental had not been definitely located the spectrum was not . complete and, in the published data, certain inconsistencies appeared. The most noticeable of these involved the strong band at 1370 cm-I , The present research was undertaken in hope that the low frequency fundamental might be located and some of the known bands more completely resolved.
EXPERIMENTAL
The spectrometer has been described by. Hardy.6 By using an echelette grating with 800 lines per inch in the first order and one with 360 lines per inch in the second order, the region of investigation was extended to 378 cm-I • aT. Lassettre, J. Chern. Phys. 6, 424 (1938 The BF a was prepared by the reaction:
6H2S04 +3KBF 4 + B20 a ~3K2S04 +3H 20 + 8BF 3.
The reaction chamber was copper, connected by a copper tube to a copper trap in a freezing mixture of alcohol and dry ice, to freeze out any water or HF which might be formed. Since BFa prepared in this manner is generally contaminated with SiF 4 or is likely to become so when in contact w.ith glass, a sample of the latter gas was prepared by the following reaction.
CaF 2+ H2S04~CaS04 + 2HF 4HF +Si02~SiF4+2H20.
The generating apparatus was identical with that used in the preparation of the BF 3 except that the copper trap was kept in a freezing mixture of rock salt and ice. The use of H 2 S0 4 in these reactions is likely to result in the formation of S02 and absorptions due to this molecule have been observed in both samples of gas. The spectrum· of S02 is being studied in this laboratory at present, and the observations have been available for comparison with the data here reported.
RESULTS
Seven bands were observed that can be definitely assigned to BF 3. Accurate intensity measurements were not made but a qualitative idea of the intensity may be gained from the product of the cell length by the gas pressure for any observation which we shall designate as k. *
The smaller the value of k for satisfactory observations on a certain band, the more intense the band must be.
The 480 cm-I Band
The lowest frequency band observed was a ·fairly strong one centered at very nearly 481 cm-I . The envelope is reproduced in Fig. 1 and resembles that of a parallel band. The best results were obtained with k=42.5. The strong central region was examined at several different pressures and proved to be a doublet, the frequency of the components being 480.5 and 482.1 cm-I . Several lines in this region due to the rotation spectrum ... The unit for k will be one cm cell length by one cm Hg pressure. of water interfered with the observations at certain points on the envelope. These regions are shown by broken lines in Fig. 1 . This band is assigned as the low frequency fundamental 114.
The Region from 690 em-I to 743 cm-1
An absorption was observed which extended throughout this entire region and probably forty or fifty wave numbers farther on the low frequency side, where the absorption due to atmospheric CO2 made observations uncertain. In the region which was examined the strength of the absorption varied greatly, and the band had to be studied at several different pressures; in consequence Fig. 1 does not give the correct intensity relations. Absorption could be detected with k = 8 on the zero branches, and for' certain regions the best value was k = 120. Two strong zero branches were observed at 691:50 cm-1 and 719.70 cm-I • A much weaker line was observed at 711.50 cm-t .
Twenty-four fine structure lines due to rotation were observed in the interval between 726 cm-t and 744 cm-I , using k = 50. They correspond to values from 10 to 33 of the ordinal number m counted from the band center, as indicated in Table I . The computed frequencies are obtained from the formula 11= 719.80+0. 71m-0.0001m2. This absorption is assigned as 112, the active parallel vibration, with two zero branches due to the isotope effect. The line at 711.5 is probably the zero bra,nch of the upper stage transition 112~2112.
The bands at 1446 and 1500 cm-1
These bands lie in a region where water vapor absorption interfered greatly with the observations. The results are shown in Fig. 2 . The solid lines represent apparent absorptions and the broken lines represent background. Interference due to water vapor was least on the low frequency side and the center of one band may be located at 1446.3±1.0 cm-I . An attempt was made to resolve the .rotational structure but without success. The other band was located near 1500 cm-I where conditions are very unfavorable and no great accuracy can be claimed for the position of the band center. The best value appears to be 1497 cm-I .
These two bands are the most intense in the BF a spectrum. Most of the observations were made with k = 2.5 for the low frequency band and k= 10 for the high frequency band. The bands are assigned as the high frequency perpendicular fundamental 113.
The only combinations observed were the first overtones of lIa. The envelopes of these bands are quite different from those of the fundamentals, and will be discussed later. The band centers are at 2904.0 and 3009.0 cm-I where, in both cases, there is a strong absorption maximum about 5 cm-I wide. On the high frequency side there are less intense maxima extending over a much wider frequency range and centered at 2927.0 and 3032.3 cm-I . On the low frequency side there is another broad region of absorption which is weaker than either of the others. An estimate of the center of this region cannot be made with any great accuracy from the present data. Throughout the whole region there are lines which stand out prominently above the envelope of the bands. These lines are listed in Table II and for each line an integer is given which indicates very roughly the intensity and is primarily for identification. There is no regularity in the spacing of the lines and the intervals between them are so large as to seem improbable for BF a. They may be due to a contaminant, since BFa attacks the stopcock grease and the lacquer used in sealing the cells, and a compound containing hydrogen could easily be formed which would perhaps account for them. For the stronger of the two absorptions given in Fig. 2 k = 760 , for the weaker k = 190.
In general the results agree reasonably well with those obtained by Bailey, Hale and Thompson, although we were unable to locate several of the weak maxima they describe, and found that the strong one reported by them at 1370 cm-I was due to a contaminant (S02).
INTERPRETATION
The normal coordinate treatment of the ABa molecule has been carried out by several authors. 7 -9 Following the general method introduced by Rosenthal and by Johnston and Dennison, we to the center of gravity of the three B atoms, and the coordinates ~, 7j and .\ introduced by 
Moments of inertia
For a symmetric molecule the spacing of the fine structur~ lines in a parallel band is given by
where A is the moment of inertia about a line perpendicular to the axis of symmetry. From the data of with the distance 1.30 X 10-8 cm obtained by electron diffraction. For a coplanar molecule the moment about the symmetry axis is equal to 2A, i.e., C= 158 X 10-40 , g cm 2 • It is to be kept in mind that this is not a measurement obtained directly from the experimental data.
Vibration-rotation interaction
Johnston and Dennison 8 in their study of the vibration-rotation interaction in NHa give an expression for the spacing between zero branches of the subsidiary bands due to a perpendicular transition. In the case of a coplanar molecule AB3 this expression becomes ~v=_h_{l-t -1}.
41T2A 2
The t, which may be different for different perpendicular bands, is a function of the masses, the natural frequencies, and the potential constants. All these have been determined from the experimental data, and the t for the different bands may be computed. From the values of t and of the moment of inertia A it is possible to compute, by means of the above formula, the spacing to be expected in a perpendicular band due to a transition starting from the ground state (for which t=O). The shape of the envelope for V4 and 2va is now explained. Due to the large interaction the interval between the centers of the subsidiary bands becomes very small compared to the spacing in the subsidiary band itself, and the envelope of the perpendicular band resembles that of a parallel band.
Isotope effect
It has been pointed out that if more than one isotopic form exists for the atoms of a compound, the molecules with different isotopes will have the same force constants but different reduced masses, and thus wi1l have different natural frequencies.
For the parallel frequency of BFa the case is especially simple and the relation between the frequencies and the reduced masses is Substituting into this the known quantities we obtain 1.0409 = 1.0411.
In the case of the perpendicular bands the relation is and substitution of the measured frequencies gives 1.0397 = 1.0411. This is not so satisfactory, but, as was pointed out above, the center for valO could not be very accurately determined. If this frequency were taken to be 1500.7 cm-l instead of 1497 cm-l , the above relation would be satisfied exactly. Thus 1500.7 is perhaps a more reliable value than the one based upon observational data. This change would not affect the third significant figure in the computed force constants. It is interesting to note that substitution of the values given by Bailey, Hale and Thompson in the frequency relation gives 1.0407 = 1.0411.
Their values are somewhat lower than ours, but the ratios are practically the same. The authors wish to express their gratitude to Professor D. M. Dennison for his assistance.
They are indebted to Mr. L. R. Posey, J r., for making available to them his unpublished data on sulfur dioxide.
